Abstract: This study aims to clarify the mechanism of riverine levee breach and propose a new 6 numerical model for that phenomenon. We performed large-scale experiments of overtopping breach 7 using an experimental flume located on the floodway of an actual river channel. By taking advantage 8 of the scale of the flume, we monitored the levee breach process with state-of-the-art observation 9 devices under highly precise hydraulic conditions. We performed four test cases with variations of 10 inflow rate, levee material and levee shape, and monitored the levee breach quantitatively using 11 acceleration sensors installed in the levee body. From the results of the experiments, we categorized 12 the breach process into four stages, focusing on the breach progress and hydraulic characteristics.
Introduction
Thirdly, breach models: Many models have been proposed, and the ASCE/EWRI Task Committee on 48 Dam/Levee Breaching (2012) reviewed such models and classified them as parametric models, 49 simplified physically based models or detailed physically based models. According to the review, most 50 of these models addressed overtopping dam breaches, and only a few models addressed riverine levee 51 breaches.
52
Here we attempt to clarify the different characteristics of the dam embankment breaches and riverine 53 levee breaches. Morphologically, the dam breaches are characterized by vertical progress, in contrast to 54 the horizontal advancement of riverine levee breaches. Hydraulically, an overflow direction 55 perpendicular to the cross section characterizes dam breaches, in contrast to oblique overflow for 56 riverine levee breaches. Moreover, for dam breaches, the inflow decreases rapidly as the breach 57 advances and the reservoir becomes empty, whereas for the riverine levee breaches, the inflow 58 continues unless the upstream flood recedes.
59
Considering the aforementioned different characteristics of dam breach versus riverine breach, we 60 assume that the results from the dam breach experiment can be applied only to the very initial stages of 61 riverine levee breach and not to the later stages. This is because the horizontal scale versus the vertical 62 scale for riverine levee breaches may exceed 100 or more, and such scales are beyond the scope of 63 previous dam breach experiments. Therefore we realized that proper experiments were needed to 64 reproduce the riverine levee breach, which is characterized by lateral breach widening normal to river 65 flow. To obtain reliable data, we performed large-scale experiments using the Chiyoda Experimental 66 Flume (hereinafter: "the flume").
67
The flume is in the floodway of the Tokachi River in Hokkaido, Japan, and these facilities are 68 attached to the fume, such as the inflow control gate and observation bridges. In the experiments, we 69 simulated riverine levee breaches by erecting a model levee with an overtopping notch on the right side of the flume, and we performed four test cases with varied inflow discharges, levee materials and levee 71 structural configurations. We studied general characteristics of the riverine breach, and also obtained 72 hydraulic data as well as morphological data during the breach process. We also applied a two- we placed revetment works on the upstream slope side of the levee breach experiment section.
89
The test cases have variations in inflow discharge, levee configuration (crest width) and levee 90 materials, as shown in Table 1 . The grain size distribution curves of the levee materials are shown in this initial stage took longer in Cases 3 and 4 than in Case 1. We assumed that the factor causing this for
144
Case 3 was the relatively higher soil cohesion, which may have slowed the erosion processes, and that 145 the factor causing this for Case 4 was the larger cross-sectional volume of the levee to be eroded.
146
Here we must mention that the notch placed on the levee top might have affected the processes in the Case 2 where the inflow was low, the rate of widening speed was lower than other cases. In Case 3 156 where the levee material was relatively fine, the levee collapsed in bulk repeatedly and the rate of 157 breach widening was higher than for other cases of coarse material.
158
Next, we examined the process of side breaching in detail. From the observations, we noticed that the 159 lower part of the levee, which was hit by the water first, failed and subsequently the upper part lost 160 support and collapsed. Comparing the timing of breaching at the crest (measured by video image from 161 above) and below the crest (measured by accelerator sensors) at the same cross-section, we realized that the whole structure in every case breached almost simultaneously. Also, we realized that in Case 4 the 163 slightly remained lowest structure and the substrata were degraded later than the breach.
164
Another characteristic we found was that the downstream slope side failed before the upstream slope 
where V= breached volume; V 1 = breached volume for the lower part; V 2 = breached volume for the upper part; t= time; λ= porosity of the levee material; and L= characteristic length.
208
Then we obtained α and β through the comparison of eq. (1) and (2).
210

Analysis of test results
211
We applied the experimental results to eq. (1) and (2), to obtain α and β as follows. We assumed λ We plotted the test results as shown in Figure 10 . We observed different breach characteristics for 224 each test case; however, the plotted results showed a correlation expressed by the following equation
We found that the coefficient β in eq.
(1) had the value of 1.5, which was similar to the value It is useful to write the sediment transport equation in the general coordinate system because we modify 261 the equation in the general coordinate system later in this paper.
where  ,  are general coordinates; Figure 11 shows the calculation area and the boundary conditions. In the simulations, we made a set of 266 elevation data of the flume, the notched levee, and the overflow area for geographical input data to 267 reproduce Case 4. We also simulated inflow as the experimental result of Case 4. Then we made the 268 calculation settings shown in Table 2 . We set the grid size as 1 m by 1 m for Run 1, 2, and 3. As for the characteristic length L, it can be represented by the calculation cell width.
299
Here we describe the detailed calculation processes for breached loads. Referring to the governing The breach rate formula is given as Lastly, we checked the sensitivity by the constant values. Figure 14 also shows the calculation results
328
using various values of α and β. We found that the value of β affect greater than the value of α, which 329 can be supposed from the eq. (13). 1. We performed large-scale levee breach experiments and identified several characteristics of the 344 breach process using sensors placed in the levee structure. 5. We understand the importance of spiral flow effect, which could be crucial to determine the lateral 355 breaching process. However, we proposed modifying two-dimensional numerical model which cannot replicate such effect physically, and thus it has to be parameterized in some way, therefore The following symbols are used in this paper: Table 1 Test conditions of the experiment   Table 2 Calculation settings (conventional model) Main stream width Sedimentation -The back slope and the top of the back slope of the levee were eroded after overflow began. -The crown was eroded from the top of the back slope to the top of the front slope. -The breach widening did not proceed and the overflow rate did not increase.
-When the top of the front slope was eroded, the erosion proceeded rapidly downward to the bottom of the levee. Then breach progressed in the upstream and downstream directions.
-The overflow rate began to increase.
-Once most of the cross-section of levee where the notch located was eroded, the levee breach mainly progressed rapidly in the downstream direction. -The flow from the flume to the breach opening became stronger and the flow rate increased, then the overflow rate increased and peaked. -The overflow velocity from the breached part of the levee increased,and this flow hit and breached the levee in the downstream direction.
-The levee breach continued and sediment accumulated in the overflow area repeatedly, and the mainstream of the overflow shifted downstream keeping almost the same width -The overflow rate was almost constant and the rate of breach widening decreased.
-The downstream end of the breached part of the levee slanted significantly to the overflow area and levee breach progressed. 
